A3galt2 ͉ CD1d ͉ glycosphingolipid ͉ KRN7000 ͉ dendritic cell
grew, and reproduced normally and exhibited no overt behavioral abnormalities. Consistent with the notion that iGb3 is synthesized only by iGb3S, lack of iGb3 in the dorsal root ganglia of iGb3S-deficient mice (iGb3S ؊/؊ ), as compared with iGb3S ؉/؊ mice, was confirmed. iGb3S ؊/؊ mice showed normal numbers of iNKT cells in the thymus, spleen, and liver with selected TCR V␤ chains identical to controls. Upon administration of ␣-galactosylceramide, activation of iNKT and dendritic cells was similar in iGb3S ؊/؊ and iGb3S ؉/؊ mice, as measured by up-regulation of CD69 as well as intracellular IL-4 and IFN-␥ in iNKT cells, up-regulation of CD86 on dendritic cells, and rise in serum concentrations of IL-4, IL-6, IL-10, IL-12p70, IFN-␥, TNF-␣, and Ccl2/MCP-1. Our results strongly suggest that iGb3 is unlikely to be an endogenous CD1d lipid ligand determining thymic iNKT selection.
A3galt2 ͉ CD1d ͉ glycosphingolipid ͉ KRN7000 ͉ dendritic cell P resentation of peptide antigens to T cells by MHC molecules constitutes a well established mechanism essential for development, priming, and reactivity of T cells to specific peptide antigens. CD1 molecules, which are evolutionarily related to MHC molecules (1) , are nonpolymorphic transmembrane proteins that associate with ␤ 2 -microglobulin and present various lipid antigens to T lymphocytes (2) . In humans, the CD1 family encompasses five isoforms (CD1a to -e). Based on amino acid sequence homology, the five members of the human CD1 family have been assigned to either group 1, which comprises CD1a, -b, -c, and -e molecules, or group 2, which consists of the CD1d molecule (3) . Group 1 CD1 molecules are not present in mice and rats, whereas CD1d molecules are highly conserved in all mammalian species studied thus far (3) .
Natural killer T (NKT) cells represent a distinct lymphocyte population that coexpress NK surface markers such as NK1.1 (CD161) and T cell antigen receptor (TCR) (4, 5) . A subset of NKT cells express an invariant TCR ␣-chain (V␣14-J␣18 in mouse and V␣24-J␣18 in human) with a restricted set of TCR ␤ chains (V␤2, V␤7, and V␤8.2 in mouse and V␤11 in human) (4, 6, 7). These NKT cells are referred to as invariant NKT (iNKT) cells and, unlike MHC class I and II restricted T cells, they are restricted by CD1d molecules. ␣-Galactosylceramide (␣GalCer), a glycosphingolipid (GSL) isolated from a marine sponge, was identified as a specific and strong ligand for this invariant TCR, causing a rapid release of large amounts of Th1 and Th2 type cytokines (8) . Although iNKT cells constitute Ͻ1% of mouse lymphocytes, they seem to play an important role in defense against infections with bacteria (e.g., Mycobacterium and spirochete), fungi (e.g., Cryptococcus), and parasites (e.g., Trypanosoma), in tumor surveillance as well as in establishing peripheral tolerance (9, 10) .
Development of iNKT cells follows a TCR instructive process, as for conventional MHC class I and II restricted T cells. However, iNKT cells are positively selected in the thymus by the presentation of endogenous lipid ligands by CD1d on doublepositive (CD4 ϩ /CD8 ϩ ) cortical thymocytes, whereas conventional T cells are selected by peptide-MHC class I or II expressed on cortical epithelial cells (11) . Loading of CD1d molecules with lipid antigens occurs in a low pH endosomal/lysosomal compartment (12) . Mice lacking CD1d or showing aberrant CD1d trafficking and antigen presentation, because of a mutation in the cytoplasmic tail of CD1d, display strongly diminished iNKT cell numbers as a consequence of a failure to undergo positive selection in the thymus (13, 14) . Sphingolipid activator proteins, also known as saposins (15) , and lysosomal proteases (16) are also required for normal iNKT cell selection in the thymus. The identity of the endogenous selecting ligand(s) is unknown, but evidence suggests it may be a GSL because of the inability of a glucosylceramide deficient cell line to stimulate iNKT cell hybridomas (17) .
Zhou et al. (18) reported that in mice deficient in the ␤-subunit of ␤-hexosaminidase (Hexb Ϫ/Ϫ , a mouse model of the GSL lysosomal storage disorder; Sandhoff disease; Fig. 1 ), iNKT cells were present at greatly reduced frequency. It was reasoned that the lysosomal enzymes deficient in Sandhoff disease, ␤-hexosaminidase A and B, generate the natural lipid ligand in the thymus. Of the known degradation products resulting from the activity of these enzymes, only isoglobotrihexosylceramide (iGb3) showed in vitro stimulatory activity toward iNKT cells Author contributions: S.P., V.C., F.M.P., and H.-J.G. designed research; S.P., A.O.S., and B.L. performed research; S.P., A.O.S., and F.M.P. analyzed data; and S.P. and H.-J.G. wrote the paper. (18, 19) . Therefore, it was concluded that iGb3 is the endogenous ligand mediating positive selection of iNKT cells in the thymus. A subsequent study using an iGb3-blocking lectin then implicated iGb3 in peripheral activation of iNKT cells by dendritic cells (DCs) (20) . Doubts as to the relevance of iGb3 to iNKT cell selection in vivo has recently arisen based on the observation that iNKT cell numbers are decreased in other mouse models of GSL storage diseases, which would not primarily interfere with iGb3 formation (21, 22) . These findings do not necessarily call into question the hypothesis of iGb3 being the iNKT-selecting endogenous ligand, because they are consistent with the alternative hypothesis that lipid accumulation per se could impede the loading of an endogenous ligand on CD1d, such as iGb3, resulting in the impaired positive selection of iNKT cells (21, 23) .
One prerequisite for the involvement of iGb3 in iNKT cell selection is that this GSL must be present in the thymus. In an accompanying manuscript, Speak et al. (24) did not find any biochemical evidence for the existence of this lipid in the thymus. However, this could reflect very low levels of expression of this lipid, although that explanation was deemed unlikely, because no storage of iGb3 occurred in the thymus of a mouse model of Fabry disease (deficient in ␣-galactosidase), which would accumulate this lipid if it were present.
In this study, we have therefore taken a genetic approach to test whether iGb3 is a physiologically relevant selecting ligand in the mouse by generating mice deficient in iGb3 synthase [iGb3S, also known as ␣1-3galactosyltransgerase 2 (A3galt2)] using homologous recombination in murine embryonic stem cells. These mice show normal iNKT development, numbers, TCR V␤ usage, and function. In agreement with Speak et al. (24) , we therefore conclude that iGb3 is not a physiologically relevant thymic iNKT-selecting ligand in vivo.
Results
The iGb3S-Deficient (iGb3S ؊/؊ ) Mouse. The coding sequence of the fifth exon of iGb3S, which is responsible for enzymatic activity (25, 26) , was replaced by a loxP-flanked neomycin resistance cassette ( Fig. 2A) . Homologous recombination at the iGb3S locus was confirmed by Southern blot ( Fig. 2 B and C) . In selected tissues, iGb3S deficiency was also demonstrated at the mRNA level by RT-PCR (Fig. 2E ). Mice were crossed with a transgenic mouse strain ubiquitously expressing Cre recombinase (27) to delete the loxP-flanked neomycin selection cassette, thereby excluding the possibility that the mutant phenotype is influenced by the neo cassette in an unpredictable way. The deletion of the selection cassette was verified by PCR (Fig. 2D) . iGb3S Ϫ/Ϫ mice reproduced normally, and progeny were born at expected Mendelian ratios. They grew normally and exhibited no overt developmental or behavioral defects. Body and organ weights were normal (data not shown). Histological examination Fig. 1 . Metabolic pathways of globo-and isoglobo-series of GSL. iGb3 and Gb3, the initial members of isoglobo-and globo-series, respectively, are synthesized from lactosylceramide (LacCer) by addition of a galactose (Gal) sugar moiety in ␣1-3 or ␣1-4 linkage, respectively. Through subsequent addition of N-acetylgalactosamine (GalNAc), iGb4 and Gb4 are formed. Lysosomal breakdown (dashed arrows) of iGb4 and Gb4 is performed by ␤-hexosaminidases A and B, which both require a functional ␤-subunit (Hexb). Furthermore, through the action of iGb3S on iGb3 and Gb3, polyGal␣1-3iGb3 and polyGal␣1-3Gb3 structures are formed. For sake of clarity, other enzymes and members of these GSL series have been omitted. Cre-mediated deletion of the neomycin selection cassette was confirmed by PCR by using primers F2 and R2 as a shortening of the 2,044-bp-long product to 494 bp. neo/neo and Ϫ/Ϫ, targeted locus before and after Cre-mediated deletion of neomycin selection cassette, respectively. (E) Detection of iGb3S-specific mRNA by RT-PCR by using total RNA from lung, thymus, spleen, and kidney of iGb3S ϩ/Ϫ and iGb3S Ϫ/Ϫ animals; GAPDH was used as a positive control.
of bone marrow, thymus, lymph nodes, spleen, brain, eye, heart, lung, intestines, liver, pancreas, and kidney did not reveal differences between iGb3S Ϫ/Ϫ and iGb3S ϩ/Ϫ littermates (data not shown).
GSL Composition. The only tissue in the mouse with proven expression of iGb3 is the dorsal root ganglion (DRG) [Speak et al. (24) ]. Thus HPLC analysis of DRG was performed to confirm the absence of isoglobo-series in iGb3S Ϫ/Ϫ mice. Both iGb3S
(not shown) and iGb3S ϩ/Ϫ mice (Fig. 3) showed a GSL profile identical to that reported by Speak et al. (24) on DRG from C57BL/6 mice. As would be expected, iGb3 and consequently other members of the isoglobo-series [isoglobotetrahexosylceramide (iGb4) and isoglobopentahexosylceramide] were not detected in iGb3S Ϫ/Ϫ mice (Fig. 3) . Additionally, no poly Gal␣1-3 (i)Gb3 was detected in the iGb3S Ϫ/Ϫ DRG (Fig. 3) . Thymus, spleen, liver, and bone marrow GSLs were studied from iGb3S ϩ/ϩ , iGb3S ϩ/Ϫ , and iGb3S Ϫ/Ϫ mice, and there was no difference in the GSL profiles ( Fig. 3 and data not shown) . This is in agreement with the accompanying manuscript of Speak et al. (24) , because there is no evidence for isoglobo-series GSLs in these organs from control mice. There was no evidence for any compensatory changes in other GSLs as a consequence of iGb3S deficiency ( Fig. 3 and data not shown).
iNKT Cell Number and Usage of TCR V␤ Chains in iGb3S ؊/؊ Mice.
Previously, iGb3 was indirectly implicated as the endogenous ligand responsible for positive iNKT selection in the thymus (18) . To test its role directly, we determined iNKT frequencies in thymus, spleen, and liver of iGb3S Ϫ/Ϫ animals, using ␣GalCer-loaded CD1d tetramers. The iNKT cell population was present in the thymus, spleen, and liver of iGb3S Ϫ/Ϫ mice at the same frequency as in iGb3S ϩ/Ϫ animals (Fig. 4A) . There was no difference in CD1d expression in thymocytes and splenic DCs between iGb3S Ϫ/Ϫ and iGb3S ϩ/Ϫ mice (data not shown). During the course of thymic maturation, iNKT cells up-regulate surface expression of NK1.1 and CD44. Using these markers, three discrete developmental stages can be identified: immature, CD44 Ϫ /NK1.1 Ϫ ; semimature, CD44 ϩ /NK1.1 Ϫ ; and mature, CD44 ϩ /NK1.1 ϩ (28). No differences were observed in any of these developmental stages between iGb3S Ϫ/Ϫ mice and heterozygous littermates when investigating 5-(data not shown) as well as 8-week-old animals (Fig. 4B) .
During thymic positive selection of iNKTs, the invariant V␣14-chain pairs almost exclusively with V␤2, -7, or -8.2, possibly as a consequence of the endogenous ligand(s) (11) . Therefore, the proportion of these TCR V␤-chains in the iNKT population was investigated in iGb3S Ϫ/Ϫ mice. The TCR V␤-chain usage was identical in the iGb3S Ϫ/Ϫ and control animals (Fig. 4C ).
Response to ␣GalCer Injection in iGb3S ؊/؊ Mice. Upon stimulation with ␣GalCer, iNKT cells promptly secrete cytokines and exert a stimulatory effect on DCs (14, 29 -32) . To compare the in vivo function of iNKT cells of iGb3S Ϫ/Ϫ and iGb3S ϩ/Ϫ mice, ␣GalCer or vehicle was injected intravenously. No significant differences in the response of iGb3S Ϫ/Ϫ and iGb3S ϩ/Ϫ animals could be seen with respect to any of the cytokines measured in sera (Fig. 5A) . Similarly, in the same experimental setting, f low cytometry did not show any difference in the upregulation of surface CD69 and in the increase of intracellular IL-4 and IFN-␥ in the iNKT cell populations of iGb3S Ϫ/Ϫ and iGb3S ϩ/Ϫ mice (Fig. 5B) . Furthermore, no difference was revealed in the maturation of splenic DCs, as defined by surface CD86 expression (Fig. 5C) . (24) for details] demonstrates the absence of iGb3 in DRG of iGb3S Ϫ/Ϫ mice compared with controls. iGb4 is the biosynthetic derivative of iGb3 in the isoglobo-series and is consequently also absent. An additional three peaks are absent in iGb3S Ϫ/Ϫ DRG (labeled A-C) compared with controls. These peaks are sensitive to digestion with ␣1-3,6-galactosidase and are therefore most likely poly-Gal␣1-3 (i)Gb3 GSLs. There is no evidence for any of these species being present in iGb3S ϩ/Ϫ thymus, and no difference is seen between iGb3S ϩ/Ϫ and iGb3S Ϫ/Ϫ thymus. Profiles are representative of three independent observations on three different animal pairs with equivalent protein quantities processed for the analysis.
Discussion

Based on investigations in Hexb
Ϫ/Ϫ mice, iGb3 was proposed to be the endogenous ligand essential for the positive selection of mouse iNKT cells in the thymus (18) . Although iGb3 can stimulate iNKT cells in vitro (18, 19) [Speak et al. (24) ], there is currently no direct evidence supporting the hypothesis that iGb3 plays a role as an endogenous selecting ligand in vivo. Although iGb3S mRNA has been detected in multiple murine tissues, including the thymus (33) (and our data, Fig. 2E ), iGb3 is undetectable in mouse or human thymus [Speak et al. (24) ]. To rule out the possibility that trace amounts of iGb3 could be present below the detection limits of the assay but still above the necessary physiological threshold to select iNKT cells, we have generated an iGb3S Ϫ/Ϫ mouse. The iGb3S Ϫ/Ϫ mouse with a deletion of the catalytic region of the iGb3S gene had no detectable isoglobo-series of GSL (iGb3, -4, and -5) or other GSL generated by iGb3S [e.g., Poly Gal␣1-3 (i)Gb3] in the DRG (Fig. 3) , the sole location in the mouse where these GSLs have been identified [Speak et al. (24) ]. ␣1,3galactosyltrans-ferase, which also synthesizes the Gal␣1-3Gal epitopes in nonprimate tissues, was unable to compensate for the absence of iGb3S activity, in agreement with previous reports of the substrate specificities of these two enzymes. ␣1,3galactosyltransferase is specific for an N-acetyllactosamine substrate on glycoproteins or GSLs, whereas iGb3S is specific for GSL substrates (33, 34) .
We have found that iNKT cells in the thymus, spleen, and liver of iGb3S Ϫ/Ϫ mice did not differ in number, TCR V␤ usage, or development or function from iGb3S ϩ/Ϫ littermates (Figs. 4 and 5) . These data strongly suggest that iGb3 is not an endogenous ligand responsible for thymic iNKT selection in vivo. An alternative possibility to account for the presence of normal numbers of iNKT cells in iGb3S Ϫ/Ϫ mice is that in the absence of iGb3, other GSLs take on the role of iGb3 and are responsible for the positive selection of iNKT cells. Although we cannot rule out this possibility, we think it is unlikely because of the lack of compensatory changes in other GSLs (Fig. 3, thymus) and the lack of alteration in TCR V␤ usage or iNKT cell development (Fig. 4 B and C) , which may occur if the selecting ligand had changed. On the basis of these findings, we propose that iGb3 is not the physiological selecting ligand in vivo. This is further supported by the fact that iNKT cell loss is not specific to models that affect isoglobo-series catabolism (e.g., Hexb Ϫ/Ϫ ) and is instead observed in multiple storage disorder mouse models (21, 22) . Thus the lack of iNKT cells in all these models probably results from lipid storage per se rather than the specific absence of iGb3. Furthermore, the absence of an iNKT phenotype in the iGb3S Ϫ/Ϫ mouse is in agreement with Speak et al., who could not detect iGb3 in mouse or human thymus using a highly sensitive HPLC assay (24) .
In conclusion, the results in this and the accompanying manuscript [Speak et al. (24) ] strongly suggest that iGb3 is not involved in the thymic selection of iNKT cells. Other lipid ligands must now be sought.
The generation of the iGb3S Ϫ/Ϫ mouse may help to unravel the significance of the highly restricted distribution of iGb3 in the mouse, where to date it has been found only in DRG. Studies are in progress to see whether the iGb3S Ϫ/Ϫ mouse has phenotypic abnormalities in the peripheral nervous system that may provide insight into the functional role of this enigmatic GSL.
Methods
Generation of iGb3S ؊/؊ Mouse. Clone MPMGc121G13146Q8 from the 129/Ola mouse genomic cosmid library number 121 from the German Resource Center for Genome Research (Berlin, Germany) containing the iGb3S locus was used to construct a targeting vector by means of Red/ET homologous recombination technology (Gene Bridges, Dresden, Germany) (35) . First, a 13.5-kb fragment corresponding to the region from 128.262.983 to 128.276.500 on chromosome 4 (NCBIm36 assembly) and bearing the iGb3S gene was subcloned into the plasmid vector pBluescript M13(ϩ) (Stratagene, Heidelberg, Germany). Then the coding sequence of the exon 5 was replaced by a loxP-flanked neomycin selection cassette (loxP-PGK-gb2-neo-loxP cassette; Gene Bridges) in an extent corresponding to the region 128.269.096-128.270.244 (Fig. 2 A) . The targeting vector was electroporated into E14 embryonic stem (ES) cells, and 384 G418-resistant clones were picked, expanded, and characterized by Southern blot analysis by using the 3Ј external probe (Fig. 2 A) . Of eight positive ES cell clones, six were microinjected into C57BL/6 blastocysts. In iGb3S Ϫ/Ϫ mice, homologous recombination at the iGb3S-locus and deletion of the iGb3S exon 5 were confirmed by Southern blot analysis (Fig. 2 B and C) . For Cre-mediated deletion of the loxP-flanked neomycin selection cassette, iGb3S-deficient mice were crossed with a Cre deleter strain (27) . Deletion of the selection cassette was proven by PCR by using the primers F2 5-CCC AGA TAA CCC TGA CTT GG-3 and R2 5-ATT GTC AAG GTG TGG GAA CC-3 (2,044 bp before and 494 bp after deletion; Fig. 2D ). Mice were kept under specific pathogen-free conditions and backcrossed for four generations to C57BL/6 (Charles River, Wiga, Sulzfeld, Germany) before analysis.
Southern Blot Analysis. Genomic DNA was digested by NdeI (New England Biolabs, Frankfurt am Main, Germany), blotted onto positively charged nylon membranes (Roche, Mannheim, Germany), and hybridized with specific probes, which were detected by using the digoxigenin (DIG) luminescent detection kit (Roche) according to the manufacturer's instructions. DIGdUTP-labeled probes were synthesized by the PCR DIG probe synthesis kit (Roche) and primers as follows: 3Ј external probe (660 bp): 5Ј-GAG GGG GAA CAA AAA GAA AAC-3Ј and 5Ј-TAG GTT GGA ATG GCG AGC-3Ј; exon 5 probe (571 bp): F6: 5Ј-GAA CGT GGT GTA CTA TGT GTT TAC G-3Ј and R6: 5Ј-GAT CTC TCT CCT CCA GAT AAT TTC C-3Ј.
RNA Isolation and RT-PCR.
After phenol/chloroform extraction (36) and digestion by RNase-free DNaseI (turbo DNA free; Ambion, Huntingdon, U.K.), 3 g of total RNA was reverse-transcribed in 20 l of total volume by using SuperscriptII (Invitrogen, Karlsruhe, Germany), according to the manufacturer's instructions. RT-PCR was performed with 1 l of cDNA and the primers F6 and R6, as above.
Organ Preparation and Flow Cytometry. Thymi and spleens were mechanically disrupted in six-well plates and digested for 15 min in 5 ml of digestion solution of RPMI medium 1640/10 mM Hepes/0.1% BSA/0.5 mg/ml collagenase IA/4.5 k units/ml DNase I (all Sigma, Schnelldorf, Germany) at 37°C and 5% CO 2 . After repetitive pipetting, the organ homogenates were sieved through a 100-m filter (BD, Heidelberg, Germany) and washed with FACS buffer (PBS containing 0.1% BSA).
Liver preparation was performed as described in ref. marrow, and thymocytes were resuspended in water, and 1 volume of the cell suspension was mixed with 4 volumes of chloroform: methanol, 1:2 (vol/vol). The samples were left to mix gently overnight, and the remainder of the GSL extraction, purification, and HPLC was performed as described in Speak et al. (24) .
Statistical Analysis. The Mann-Whitney test was performed to compare data sets; in the case of serum cytokine elevation upon ␣GalCer administration, the one-tailed test was used; in all other cases, the two-tailed test was used. Differences were considered significant if P Ͻ 0.05. Numbers of independent observations per group are indicated with every result.
